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Introduction
A flow regime map is a valuable tool that can be used to determine whether free convection effects can be neglected (forced convection dominates) or whether it is significant (mixed convection dominates). This needs to be taken into consideration for the selection of appropriate equations, especially for laminar heat transfer cases. Metais and Eckert [2] developed two flow regime maps for a constant surface temperature boundary condition, one for vertical flow and another for horizontal flow. The boundary between forced and mixed convection was arbitrarily defined as the location where the difference between the mixed and forced convection heat transfer coefficients did not exceed 10%. Ghajar and Tam [3] found that the flow regime map of Metais and Eckert [2] accurately predicted their turbulent forced convection experimental data, but the laminar and transition data were not predicted correctly. This was due to the constant heat flux boundary condition which was used, while the flow regime map was developed for a constant surface temperature. In the laminar and transitional flow regimes, the boundary condition has a significant influence on the heat transfer characteristics, while turbulent flow is insensitive to different boundary conditions.
Furthermore, the influence of free convection effects is also stronger with a constant heat flux boundary condition than with a constant surface temperature boundary condition [3] .
A flow regime map for horizontal tubes with a constant heat flux boundary condition was therefore developed by Ghajar and Tam [3] . The boundary between forced and mixed convection was obtained using the ratio of the local peripheral heat transfer coefficients at the top and bottom of the tube (h t /h b ). When the ratio of h t /h b was greater than or equal to 0.8, the flow was assumed to be dominated by forced convection, while mixed convection conditions were assumed when h t /h b was less than 0.8. As far as we could determine, this was the first flow regime map for horizontal tubes with a constant heat flux boundary condition, and it also accounted for the effects of different inlet geometries (re-entrant, square-edged and bellmouth).
Tam et al. [4] improved this flow regime map, by making use of the multi-class support vector machines (SVM) method. Three flow regime maps (re-entrant, square-edged and bellmouth inlets) were developed and the five flow regimes (forced turbulent, forced transition, mixed transition, forced laminar and mixed laminar) were identified using the Rayleigh and Reynolds numbers. Tam et al. [5] then developed a unified SVM-based flow regime map, which can be used for the re-entrant, square-edged and bellmouth inlets. The overall accuracy of this flow regime map was also better than the three individual SVMbased flow regime maps.
However, as the unified flow regime map of Tam et al. [5] was developed using the experimental data of Ghajar and Tam [6] , it is primarily for Rayleigh numbers in the order of 10 6 , which is high. The laminar heat transfer experiments were conducted using ethylene glycol, therefore the mixed convection boundary in the laminar flow regime, was developed using experimental data with Prandtl numbers between 23 and 140, which is significantly larger than for water (Pr ≈ 7). Furthermore, the test section had a relatively large inner diameter of 15.8 mm, which led to increased Grashof numbers, since the Grashof number is proportional to D 3 . This is of significant importance since the Rayleigh number, which was used on the x-axis of their flow regime map, is a product of the Grashof number, which was large due to the large tube diameter, and Prandtl number, which was high since ethylene glycol was used.
It is shown in this paper that although this flow regime map of Tam et al. [5] may be very accurate for high Prandtl number fluids, it became inaccurate once the Prandtl number and tube diameter was decreased, for example when water was used in small diameter tubes. The result is that the flow is predicted to be in the forced convection regions, while free convection effects are significant and the flow is actually dominated by mixed convection.
The purpose of this paper was thus to evaluate the existing flow regime maps using the experimental data from this study, as well as to develop new flow regime maps that can be used for both high and low Prandtl number fluids, a wide range of tube diameters, and not only for fully developed flow, but also developing flow. This paper forms part of a bigger study and is complimentary to the papers published by Meyer and Everts [7] and Everts and
Meyer [8, 9] . Meyer and Everts [7] investigated mixed convection laminar flow, as well as the effect of free convection on the laminar-turbulent transition along the tube length. Everts and Meyer [8] investigated the heat transfer characteristics of developing and fully developed flow in the transitional flow regime, while the relationship between heat transfer and pressure drop in all flow regimes was investigated and quantified in Everts and Meyer [9] . The results of these papers were used to develop the flow regime maps, for not only fully developed flow but also developing flow, presented in this paper.
Experimental set-up
The details of the experimental set-up and test sections were discussed in detail in Meyer and Everts [7] and Everts [10] and will only be briefly discussed in this paper. The layout of the experimental set-up is shown in Fig. 1 . The experimental set-up consisted of a closed-loop system, which circulated water from a storage tank, through the test section and back to the storage tank, using two electronically controlled magnetic gear pumps. Water was circulated from the storage tank through the test section and back using two pumps.
As the mass flow rates varied over a wide range, Coriolis mass flow meters with different flow rate capacities were installed in parallel. The mass flow meter that would produce the most accurate mass flow rate measurements was selected during the experiments.
Downstream of the mass flow meters, the fluid flowed through the flow-calming section to the test section and mixer, and then back into the storage tank.
Flow-calming section
A flow-calming section, similar to the one used by Ghajar and co-workers [3] [4] [5] [6] [11] [12] [13] [14] [15] [16] [17] was installed prior to the test section to straighten the flow. The only difference was that the fluid first flowed through an additional 100 mm cavity filled with a soft nylon mesh (to mix the inlet flow to a uniform temperature), before it reached a Pt100 probe, where the average inlet temperature was measured. The acrylic tube had an inner diameter and length of 172 mm and 700 mm, respectively, and an acetal disc was bolted to the inlet section to obtain a square-edged inlet.
Test sections
Two test sections, with inner diameters of 11.5 mm and 4 mm, respectively, were used to investigate the influence of tube diameter and heating method. The test sections are shown schematically in Fig. 2 , while the details of the thermocouple stations and pressure taps were given in Meyer and Everts [7] and Everts and Meyer [9] , respectively. The 11.5 mm test section was manufactured from a hard-drawn copper tube with an inside diameter of 11.52 mm, outside diameter of 12.7 mm, and a length of 9.81 m. To prevent possible upstream flow effects from influencing the measurements at the last measuring station (station FF), 300 mm was allowed between the last measuring station (at x = 9.5 m) and the mixer (at x = 9.8 m). The 4 mm test section was manufactured from a seamless 316L stainless steel tube with an inner and outer diameter of 4 mm and 6 mm, respectively, and a length of 6 m. However, temperature measurements were only taken across the first 5.5 m, up to station FF. The remaining 500 mm between the last measuring station and mixer was, as with the 11.5 mm test section, to prevent any upstream effects from influencing the measurements at the last thermocouple station.
The average surface roughness (ε) of the 11.5 mm copper test section and 4 mm stainless steel test section was measured using a surface roughness tester, to be approximately 0.218 µm and 0.138 µm, respectively. The relative surface roughness (ε/D) was thus approximately 1.89×10 -5 and 3.45×10 -5 , and for all practical purposes, both tubes can be considered as being smooth. The total length of the 11.5 mm and 4 mm test sections provided maximum length-to-inside diameter ratios (x/D) of 828 and 1 373, respectively, while previous investigations by Ghajar and co-workers [6, 11, 12, [14] [15] [16] [17] and Meyer and
Olivier [18] had maximum values of 400 and 350, respectively. The test sections were thus 2-4 times longer than was in previous studies. Fig. 2 ) and right (T2 in Fig. 2 ) of the test section.
The thermocouples were soldered onto the 11.5 mm copper test section in a 0.3 mm indentation. As the wall thickness of the 4 mm stainless steel tube was 1 mm, the thermocouples were glued into 0.5 mm indentations using a thermal adhesive with a thermal conductivity of 9 W/m.K. A 3D printed jig was used to ensure that all the holes were drilled to the same depth. The thermocouples of both test sections were calibrated in-situ to an accuracy of 0.1°C, by pumping water from the thermostat-controlled bath through the flowcalming section, test section and mixer, and back into the thermostat-controlled bath.
Reference temperatures were obtained using Pt100 probes at the inlet of the flow-calming section, at the outlet of the mixer and in the thermostat-controlled bath. The temperature of the thermostat-controlled bath was varied between 20°C and 60°C.
Two different heating methods were used in this study, because of the availability of equipment. To obtain a constant heat flux boundary condition in the 11. [19] , axial heat conduction was assumed to be negligible in both test sections, since the axial heat conduction number was orders of magnitude less than 0.01.
Mixer
During laminar flow measurements, significant cross-sectional temperature gradients in the radial and tangential directions developed throughout the test section. Therefore, to obtain uniform tube outlet temperatures, a mixer was inserted after the test section to mix the water exiting the test section. The purpose of the mixer was twofold: to house the splitter plates, as well as to house the Pt100 probe that was used to measure the average outlet water temperatures. The mixer design was based on work done by Bakker et al. [20] , who investigated laminar flow in static mixers with helical splitter plates.
Experimental procedure
Details of the experimental procedure were given in Meyer and Everts [7] . In the laminar flow regime, at very low Reynolds numbers, approximately 30 minutes was required to reach steady-state conditions. As the mass flow rate was increased, the time required for steadystate decreased to 20 minutes. Although the mass flow rates in the transitional flow regime were greater than in the laminar flow regime, up to 1 hour was required to reach steady-state due to the mass flow rate and temperature fluctuations inside the tube. In the quasi-turbulent and turbulent flow regimes, approximately 15 minutes was required for steady-state. After steady-state had been reached, 200 measuring points (temperature, pressure and mass flow rate) were captured at a frequency of 10 Hz.
Test matrix
Experiments conducted at different mass flow rates and heat fluxes in the two test sections of 11.5 mm and 4 mm, are summarised in [21, 22] was used to complement our data in Table 1 . The difference between the results of this study (Table 1) and literature (Table 2) is that the Prandtl number in this study varied between 3 and 7, while the Prandtl number of the experiments conducted by Strickland [21] was significantly higher and varied between 3 and 158. Although the experiments of Meyer and Abolarin [22] was also conducted using water, a larger tube diameter of 19 mm was used, which led to increased Grashof numbers. This study, together with literature, therefore ensures that a wider range of
Prandtl number and Grashof number data was available. 
Data reduction
As a constant heat flux boundary condition was applied to the test section, the average axial temperature of the water increased linearly. The mean fluid temperature, T m , at a specific tube location, x, was obtained using a linear temperature distribution between the measured inlet, T i , and measured outlet, T o , temperatures of the fluid over length, L:
The bulk fluid temperature, T b , along a tube length, L(x), measured from the inlet of the test section, was calculated as:
The properties of water (density, ρ, dynamic viscosity, μ, thermal conductivity, k, specific heat, C p , Prandtl number, Pr, and thermal expansion coefficient, β) were determined using the thermophysical correlations for liquid water [23] at the bulk fluid temperature for the average properties, and at the mean fluid temperature for the local properties at a specific point x, measured from the inlet of the test section.
The Reynolds number, Re, was calculated as:
where ̇ was the measured mass flow rate, D was the measured inner-tube diameter, µ was the dynamic viscosity, and A c the cross-sectional area of the test section (A c = π/4D 2 ).
The electrical input rate ( ̇ ) remained constant, resulting in a constant heat flux.
The heat transfer rate to the water, ̇ , was determined from the measured mass flow rate, measured inlet and outlet temperatures of the water, and the specific heat which was calculated at the bulk fluid temperature:
The heat transfer rate to the water, ̇ , was continuously monitored by comparing it to the electrical input rate, ̇ , which should ideally be equal since the test section was well insulated. The energy balance, EB, which ideally should be as close as possible to zero, was determined as:
The average energy balance of all the experiments that were conducted was less than 3%, which was in good agreement with the calculations estimating the heat losses through the insulation material.
The heat flux, ̇, on the inside of the tube wall was determined from the heat transfer rate to the water, ̇ , and the inner surface area, A s , of the test section along the heated length, L:
The heat transfer rate to the water was used to determine the heat flux, since it was regarded as more accurate than the electrical input rate. As the energy balance was not zero, and some losses did occur to the ambient air, the electrical input rate was always slightly higher than the heat transfer rate to the water.
The average of the four (or three) temperature measurements at a station was used as the average outer surface temperature, T s,o , at a specific thermocouple station:
The thermal resistance across the tube wall, R tube , was calculated using the following equation:
where D o and D were the measured outside and inside diameters of the tube.
The thermal conductivity of copper is 401 W/m.K, while the thermal conductivity of 316L stainless steel is only 16.3 W/m.K. The temperature difference across the tube wall, ΔT, was calculated using Eq. (9), since the thermal resistance and heat input were known:
The thermal resistance in the 11.5 mm test section was calculated to be 4.05×10 -6 °C/W, as the wall thickness was 0.6 mm. Therefore, the temperature difference across the tube wall was approximately 0.004 °C when the maximum heat input (3 kW/m 2 ) was applied to the test section. The negligible temperature difference led to the assumption that the temperature on the inside surface of the test section was equal to the temperature measurement on the outside surface of the test section, since the temperatures in general could only be measured to an accuracy of 0.1 °C. It was therefore assumed that the surface temperatures, determined from Eq. (7), was the average surface temperature on the inside of the tube at a measuring station in the 11.5 mm test section.
The thermal resistance in the 4 mm stainless steel tube was calculated to be 3.63×10 -4 °C/W, which is two orders of magnitude more than in the 11.5 mm copper tube. Although the thermocouples in the 4 mm test section were placed in an 0.5 mm deep indentation in the tube wall, the temperature difference across the remaining 0.5 mm was approximately 0.2 °C when the maximum heat input (8 kW/m 2 ) was applied to the test section. As this was not negligible, the temperature difference calculated using Eqs. (8) and (9) was subtracted from the measured surface temperatures (Eq. (7)), to obtain the inner surface temperatures, T s , of the 4 mm test section:
The average surface temperature of the test section, , was calculated from all the temperature measurements on the test section, using the trapezoidal rule:
The heat transfer coefficients, h, were then determined from the following equation, since the heat flux, ̇, surface temperature, T s , and mean fluid temperature, T m , were known:
The Nusselt numbers, Nu, were determined from the heat transfer coefficients as follows:
The heat transfer results were also investigated in terms of the Colburn j-factor, to account for the variation in the Prandtl number:
The Graetz numbers, Gz, were determined using the following equation: (15) and the Grashof numbers, Gr, as: (16) where 9.81 m/s 2 was used for the gravitational acceleration, g, and the kinematic viscosity was obtained from the density and dynamic viscosity (ν = μ/ρ).
The modified Grashof numbers, Gr*, which are a function of heat flux instead of temperature difference, were the product of the Grashof numbers and Nusselt numbers and were determined as follows:
The Rayleigh numbers, Ra, were determined as the product of the Grashof number and
Prandtl numbers:
The Richardson numbers, Ri, were determined from the Grashof and Reynolds numbers:
Eqs. (12) - (21) were for the local values at a specific axial position along the tube length.
The average values along a tube length, L(x), measured from the inlet of the test section, were obtained by using the bulk fluid temperature (Eq. (2)) and average surface temperature (Eq.
(11)), instead of the mean fluid temperature (Eq. (1)) and local surface temperature (Eq.
(10)).
In general, the percentage error of a measurement or calculated value (M) was determined as %error = |M exp -M cor |/M cor ×100. The average percentage error was taken as the average of the absolute errors of the data points.
The method suggested by Dunn [24] was used to calculate the uncertainties of the parameters obtained in the data reduction. All uncertainties were calculated within a 95% confidence interval and the uncertainty analysis details are given in Everts [10] . The
Reynolds number uncertainties were approximately 1.5% in the laminar and turbulent flow regimes, and increased to 2% in the transitional flow regime due to the mass flow rate fluctuations that occurred in this flow regime. The laminar forced convection Nusselt number uncertainties were less than 10%, while the laminar mixed convection uncertainties were less than 5% and decreased with increasing heat flux. In the transitional flow regime, the uncertainties increased to approximately 10% (depending on the heat flux), due to the temperature fluctuations. The Nusselt number uncertainties in the turbulent flow regime increased with increasing Reynolds number, and the average Nusselt number uncertainty at a Reynolds number of 6 000 was 13%.
Validation
Extensive validation experiments were conducted and the details are given in Everts [10] . Furthermore, the average laminar Nusselt numbers in the 11.5 mm and 4 mm test sections also correlated well with the correlation of Morcos and Bergles [25] with an average deviation of 2% and 4%, respectively. The average turbulent Nusselt numbers in the 11.5 mm and 4 mm test sections correlated very well with the correlation of Ghajar and Tam [6] , with an average deviation of less than 1% and 3.2%, respectively. The results also correlated well with the correlation of Gnielinski [26] and the average deviation was 5% and less than 1% in the 11.5 mm and 4 mm test sections, respectively.
Comparison with maps from literature
An evaluation was conducted to determine which possible criteria (Richardson number or existing flow regime maps) are suitable to predict the convection flow regime of the experimental data of this study. The criteria used to distinguish the forced and mixed convection laminar data was as proposed by Metais and Eckert [2] , i.e. mixed convection occurs when the Nusselt numbers are 10% higher than the corresponding forced convection Nusselt numbers. When validating the experimental data taken in this study, it has been found [7] that only 5% of our data fell into the forced convection flow regime. Therefore, in the evaluation that follows, 95% of our laminar data should fall in the mixed convection flow regime. In Fig. 3 -Fig. 5 , the data of this study will be grouped by tube diameter (4 mm or 11.5 mm), as well as which data (mostly) were mixed convection data.
The criteria proposed by Metais and Eckert [2] requires the corresponding forced convection Nusselt number obtained using forced convection correlations, however, such correlations are not available in the transitional flow regime. The experimental data in Fig. 3 - Fig. 5 were therefore coloured according to the ratio of h t /h b , since this can be used to gain insight into the free convection effects in all flow regimes. As will be discussed in Section follows from this figure that it fell incorrectly into the forced convection region. As all the experimental data fell to the left of the forced/mixed convection boundary (indicated by the green line) in Fig. 4 , it is expected to be forced convection data. However, using their criteria (Nu/Nu FC > 1.1), 95% of the laminar data of this study is mixed convection data. It was therefore concluded that this map did not accurately predict the flow regimes of the experimental data of this study. The experimental data of this study, as well as the experimental data of Strickland [21] , were plotted (and coloured according to h t /h b ) on the unified flow regime map of Tam et al. [5] in Fig. 5 . This flow regime map was developed for horizontal tubes with a constant heat flux boundary condition. The boundary between forced and mixed convection was independent of the inlet geometry, while separate upper and lower boundaries of the transitional flow regime were included for the different inlet geometries. For clarity purposes, only the transitional flow regime boundaries of the square-edged inlet were included in Fig. 5 , since this inlet geometry was used in this study.
From Fig. 5 it follows that this flow regime map was primarily for Rayleigh numbers in the order of 10 5 to 10 8 , which is high. This map was developed using the experimental data of Ghajar and Tam [6] , who used the experimental data of Strickland [21] for the squareedged inlet. An analysis of the experiments conducted for the square-edged inlet [21] shows that distilled water was used for turbulent Reynolds numbers (3 639 < Re < 50 529 and 3.4 < Pr < 6.2), full concentration ethylene glycol was used in the laminar flow regime (281< Re < 3 328 and 96 < Pr < 158) and a mixture of 60% ethylene glycol (by mass fraction) and water was used for Reynolds numbers between 1 180 and 12 456. This covered As the Grashof number is a strong function of the inner tube diameter (Gr D 3 ), free convection effects increased significantly with increasing tube diameter. The test section used by Strickland [21] had a relatively large inner diameter of 15.8 mm and the Grashof number varied between 1 000 and 2.5×10 5 , which can be expected to be up to 62 times greater than when a 4 mm tube is used. Furthermore, the Grashof number is also a function of the surface-fluid temperature difference, which was significantly higher for ethylene glycol than for water, due to the low thermal conductivity and specific heat, as well as the high viscosity of ethylene glycol. This also led to significantly lower values of h t /h b compared to water. From the experimental data of Strickland [21] in Fig. 5 , it follows that h t /h b decreased to as low as 0.3 in the laminar flow regime, while it did not decrease below 0.7 in our data. The high Prandtl numbers of ethylene glycol, combined with the relatively high Grashof numbers (due to the large tube diameter and surface-fluid temperature difference), led to Rayleigh numbers between 6.7×10 5 and 7.4×10 7 in the study of Strickland [21] . This is of significant importance as the Rayleigh number is used on the x-axis of the flow regime map to distinguish between forced and mixed convection data. From Fig. 5 it follows that this flow regime map was able to accurately predict the convection flow regime of the experimental results of Strickland [21] . However, it incorrectly predicted that all the data of this study should be in the forced convection flow regime (Rayleigh numbers in the order of 10 5 and less).
Proposed flow regime maps
From Fig. 3 -Fig. 5 , it was concluded that there was no suitable criteria or flow regime map in literature to accurately predict the convection flow regime of the experimental data of this study. New, easy-to-use flow regime maps, which are valid for developing and fully developed flow using different test fluids and tube diameters, were therefore developed in this paper.
Flow regime map criteria
Metais and Eckert [2] defined the boundary between forced and mixed convection as the location were the heat transfer coefficients were 10% greater than the corresponding forced convection case (Nu/Nu FC > 1.1), while Tam et al. [5] [5], as well as the Richardson number criteria predicted our data as forced convection, free convection effects were present in 95% of our laminar experimental data [7] .
It can be concluded from Fig. 6 
Flow regime map for fully developed flow
In order to find a suitable parameter to be used on the x-axis of a graph with Reynolds number on the y-axis, the fully developed laminar experimental data of the 4 mm and
mm test sections were plotted as a function of Grashof number, Rayleigh number,
Richardson number, and Richardson-Prandtl product in Fig. 7 . The experimental data of Strickland [21] and Meyer and Abolarin [22] , were also included to ensure that the flow regime map is valid for different tube diameters and test fluids. As this was for fully developed flow only, the theoretical fully developed forced convection Nusselt number of 4.36, was used for the forced convection Nusselt number reference, Nu FC . The results were thus coloured according to Nu/4.36. The laminar data was identified using Eq. (22) [8],
while the fully developed data was identified using Eq. (23) [7] ,
and the data in the quasi-turbulent and turbulent flow regimes, using Eq. (24) [8] :
The red dotted blocks in Fig. 7 indicate that not all the parameters were suitable to use on the x-axis, since 'red data' (mixed convection) fell onto regions of 'blue data' (forced convection). From this figure it follows that the Rayleigh number ( Fig. 7(b) ) and
Richardson-Prandtl product ( Fig. 7(d) ) would be suitable, since the colour changed gradually from dark blue (forced convection) to red (mixed convection) as free convection effects increased. As free convection effects increased horizontally (indicated by the black arrows) when the Rayleigh number (Fig. 7(b) ) was used and not diagonally as when RiPr (Fig. 7(d)) was used, it was decided to use Rayleigh number on the x-axis of the flow regime maps for fully developed flow. Although the Rayleigh number was also used on the x-axis of the flow regime maps of Metais and Eckert [2] and Tam et al. [5] , it was found that the predicted forced/mixed convection boundaries were not suitable for the experimental data of this study. To develop a flow regime map that is valid for all flow regimes, Eqs. (22) and (24) was used to obtain the upper and lower boundaries of the transitional flow regime. However, Eq.
(24) was multiplied by 1.2 to ensure a more conservative value for the end of the transitional flow regime. As free convection effects were negligible in the turbulent flow regime, Nu/Nu FC was set to 1 for all Reynolds numbers greater than this boundary (Re qt ), and added to the laminar results of Fig. 7 in Fig. 8(a) .
As far as we have determined, no experimental data in the transitional flow regime are available that specifically distinguishes between forced and mixed convection. Therefore, the experimental data in the transitional flow regime (between the dotted green and red lines) at heat fluxes of 0.5 kW/m 2 and 1 kW/m 2 in the 4 mm test section were included, since it was known that forced convection conditions (Nu/Nu FC = 1) existed at these two heat fluxes [7] .
This data was used as a guideline to obtain the forced/mixed convection boundary in the transitional flow regime. The experimental data in the transitional flow regime in the 11.5 mm test section, as well as at other heat fluxes in the 4 mm test section, was excluded since there is currently no correlation which can be used as a forced convection reference to calculate Nu/Nu FC . To obtain a flow regime map that is a function of heat flux and not temperature difference, the data were also plotted as a function of the modified Rayleigh number, Ra*, in Fig. 8(b) . Fig. 8(a) and (b) . To generate the full flow regime map, a surface fit was done through the laminar heat transfer data, using
Ra and Ra*, respectively, on the x-axis, Reynolds number on the y-axis and Nu/Nu FC on the z-axis. Another surface fit was then done through the data on the Re cr -line (using the laminar surface fit) and the Re qt -line (using Nu/Nu FC = 1) to fill the transitional flow regime gap in Fig. 8(a) and (b) . Fig. 9 and Fig. 10 contain the flow regime maps for fully developed flow in terms of Ra and Ra*, respectively. In both flow regime maps, Nu FC = 4.36 for all data below the Re cr -line (Eqs. (25) and (29)), while Nu FC is the corresponding forced convection Nusselt number from general literature for all data above the Re qt -line (Eqs. (26) and (30)). In the transitional flow regime (Re cr < Re < Re qt , thus all the data between Eqs. (25) and (26), and Eqs. (29) and (30) that will ensure that the flow regime will most probably be forced convection. More conservative criteria (Nu/Nu FC = 1) will be Ra < 2 520 and Ra* < 1.02×10 4 .
The equations of the transitional flow regime boundaries and the forced/mixed convection boundaries of the fully developed flow regime maps in Fig. 9 and Fig. 10 , are summarised in Table 3 . 
Correlation
Eq. (Fig. 9) Re cr (25) Laminar [7] : 
Ra
Proposed average Nusselt number correlations [7, 9] , are also included in these flow regime maps (as well as the flow regime maps for developing flow in Section 6.3), and the correlations, as well as their ranges, are summarised in Table 4 . However, it should be noted that these correlations were developed using water data only, while the flow regime map is valid for high Prandtl number fluids as well. Therefore, other suitable Nusselt number 
correlations (for different test fluids) can be used in combination with the flow regime maps in this paper.
The performance of the flow regime maps in Fig. 9 and Fig. 10 in the laminar flow regime were determined by comparing Nu/4.36 of the experimental data to the Nu/Nu FC values in the flow regime maps, and the results are summarised in Table 5 . From this table it follows that both flow regime maps were able to predict approximately all the experimental data of this study, as well as from literature [21, 22] , within 10%. It should therefore be possible to use these flow regime maps as reliable tools to predict the convection flow regime of fully developed flow in a wide range of tube diameters and Prandtl numbers. 
Flow regime map for developing flow
The flow regime maps in literature were developed for fully developed flow. Therefore, the experimental data of both the Mixed Convection Developing (MCD) and Fully Developed (FD) regions, as defined by Meyer and Everts [7] , were plotted as a function of Grashof number, Rayleigh number, Richardson number and Richardson-Prandtl product, in Fig. 11 to develop a flow regime map for developing flow. To ensure that the flow regime map is also applicable to high Prandtl number fluids and larger tube diameters, the experimental data of Strickland [21] and Meyer and Abolarin [22] were included. The laminar data was identified using Eq. (22) [8] , while the MCD-data was identified using Eq.
(38) [7] :
The results were coloured according to Nu/Nu SL , where Nu SL was obtained using the correlation of Shah and London [1] , which is valid for simultaneously hydrodynamically and thermally developing laminar flow using a constant heat flux boundary condition:
where
In general, it was found that the four parameters (Gr, Ra, Ri and RiPr) considered in Fig.   11 , were not suitable to estimate the convection flow regime of developing flow. As indicated by the red dotted blocks, the colours in the graphs did not change gradually from dark blue to red as free convection effects increased, and 'blue data' fell in the 'red data'
regions. Although the Rayleigh number was suitable for fully developed flow (Fig. 7) ,
another parameter had to be added to x-axis to account for developing flow. (Fig. 12(c) ) was able to produce the best, relatively smooth, contour that changed from dark blue to red as free convection effects increased, for both water and ethylene glycol data. The red dotted blocks indicate the data that fell into the incorrect regions. The Graetz number can also be used to account for axial position when the flow is still developing. Therefore, the Grashof number, Rayleigh number, Richardson number and
Richardson-Prandtl product in Fig. 11 were divided by the Graetz number and the results are compared in Fig. 13 . Although all parameters might give reasonable results, best results were obtained using the parameters Ra/Gz (Fig. 13(b) ) and RiPr/Gz ( Fig. 13(d) ). Approximately smooth contours that changed from dark blue to red as the free convection effects increased, were obtained for both water and ethylene glycol data. It was decided to use Ra/Gz on the xaxis of the flow regime maps for developing flow, since free convection effects increased approximately horizontally (indicated by the black arrows) for Ra/Gz (Fig. 13(b) ), while it increased diagonally for RiPr/Gz ( Fig. 13(d) ). The red dotted blocks indicate the data that fell into the incorrect regions. From Fig. 12 and Fig. 13 it was concluded that both Ri(x/D) ( Fig. 12(c) ) and Ra/Gz ( Fig.   13(b) ) were suitable parameters to be used for the flow regime map. The same procedure as in Fig. 8 was followed to obtain the flow regime maps in terms of Ri(x/D) ( Fig. 14) and Ra/Gz (Fig. 15) that the flow will most probably be forced convection. More conservative criteria (Nu/Nu FC = 1) will be Ri(x/D) < 0.14 and Ra/Gz < 318. The equations of the transitional flow regime boundaries and the forced/mixed convection boundaries are summarised in Table 6 , while the performance of the flow regime maps is summarised in Table 8 . The same procedure was used to obtain flow regime maps in terms of the modified Grashof, Rayleigh and Richardson numbers, since the temperature difference (required to calculate the Grashof number for constant heat flux problems) is not always available (except when the heat transfer coefficients are known), while the heat flux usually is. Fig. 16 and that will ensure that the flow regime will most probably be forced convection. More conservative criteria (Nu/Nu FC = 1) will be Ri*(x/D) < 1 and Ra*/Gz < 2 364. Table 7 summarises the equations of the transitional flow regime boundaries and forced/mixed convection boundaries, and the performance of these flow regime maps is summarised in Table 8 . The performance was determined by comparing Nu/Nu SL of the experimental data and the Nu/Nu FC values in the flow regime maps in Fig. 14 to Fig. 17 . From Table 8 it follows that all four flow regime maps were able to predict approximately 80% of the data within 10%, and almost all the data within 20%. The two flow regime maps ( Fig. 16 and Fig. 17 ) that were a function of heat flux (Gr*) performed slightly better than the flow regime maps ( Fig.   14 and Fig. 15 ) that were a function of temperature difference (Gr). It can be concluded that these four flow regime maps can be used as reliable tools to predict the convection flow regime for developing and fully developed flow in a wide range of tube diameters and Prandtl numbers. To determine the validity/accuracy of the flow regime maps for Prandtl numbers less than one, the performance of the flow regime maps was determined using experimental data conducted using air as the test fluid. Apart from the experimental data of McComas and Eckert [28] , it was found that limited complete experimental data (Reynolds numbers, Nusselt numbers, Grashof numbers and axial position) conducted using air were available in literature. The performance of the flow regime maps was determined using 70 experimental data points (220 < Re < 743, Pr ≈ 0.7, 0.13 < Gr < 1 000), and the flow regime maps were able to predict 86% of the data within 10% and all the data within 20%.
The flow regime maps in Fig. 14 to Fig. 17 were generated using developing flow and fully developed flow data. The validity/accuracy of these flow regime maps in the laminar flow regime using fully developed data only, were determined by comparing Nu/Nu SL of the experimental data and the Nu/Nu FC values in the four flow regime maps, and the results are summarised in Table 9 . As all four flow regime maps were able to predict almost all the data within 20%, it is confirmed that these flow regime maps are valid for both developing and fully developed flow. Prandtl number and tube diameter was decreased, for example when water is used in small diameter tubes.
The purpose of this paper was thus to evaluate the existing flow regime maps using the experimental data of this study which was obtained using water as the test fluid in test sections with inner diameters of 4 mm and 11.5 mm, as well as to develop new flow regime maps that can be used for both high and low Prandtl number fluids in a wide range of tube diameters. A total of six flow regime maps were developed and these flow regime maps are unique for four reasons. Firstly, it contains contour lines that show the Nusselt number enhancements due to the free convection effects. Secondly, it is valid for a wide range of tube diameters and Prandtl numbers. Thirdly, the flow regime maps were developed as a function of temperature difference (Grashof number) and heat flux (modified Grashof number). Finally, four of the six flow regime maps were not only valid for fully developed flow, but also developing flow. Two flow regime maps were developed for fully developed flow in terms of Ra, and Ra* and were able to predict almost all the data within 10%. Four flow regime maps that were valid for developing and fully developed flow were developed in terms of Ri(x/D), Ra/Gz, Ri*(x/D) and Ra*/Gz, respectively. All four flow regime maps were able to predict approximately 80% of the data within 10% and almost all the data within 20%.
It can be concluded that these flow regime maps can be used as reliable tools to predict the convection flow regime for developing and fully developed flow for a wide range of tube diameters and Prandtl numbers.
